Large quantities of saddle dolomite, dolomite, calcite, celestite, fluorite, barite, quartz, and pyrite occur as fracture fillings in the fourth member of the MiddleTriassic Leikoupo Formation in the Yuanba area, northeast Sichuan. They were found either as single mineral or mineral assemblages. The properties, origin, and evolution of the fluids from which these fracture fillings were precipitated were studied using a variety of methods, including polarized light microscopy, cathodoluminescence microscopy, fluid inclusions, and stable isotope analysis. Homogenization temperatures of the liquid-gas inclusions trapped within the dolomite ranged from 112 to 138°C. Based on this temperature range and the oxygen isotope data, the δ
| INTRODUCTION
The term "hydrothermal solution" was first used in a study of magmatism-associated hot water and mineralization (Gilbert, 1875) . To broaden its applicability, White (1957) defined hydrothermal solutions as waters that are slightly (at least 5°C) hotter than their surrounding environment. More specific definitions were later provided by some scholars, such as Skinner (1979) , Bodnar (1999) , and Davies and Smith (2006) . These definitions are generally consistent: Most of them use a temperature of 5-10°C higher or more as the criterion (Machel, 2004) . As the spatiotemporal evolution of hydrothermal solutions is always accompanied by interactions with solid rocks, hydrothermal activity within basins not only affects the temperature, pressure, and chemical properties of host rocks but also plays an important role in fluid-rock interaction, formation of metal and non-metal deposits, as well as generation, migration, and accumulation of oil and gas.
Through recent in-depth research on hydrothermal alteration of carbonate reservoirs across the world, more and more scholars have become aware of the universality of hydrothermal alteration of carbonate reservoirs. Apparent evidence of hydrothermal alteration has been discovered in some large-scale carbonate reservoirs, such as those in the Devonian of Eastern Canada (Duggan, Mountjoy, & Stasiuk, 2001; Qing, 1998) , the Cretaceous of the Middle East (Sudrie, Caline, & Lopez-Horgue, 2006) , the Ordovician of the United States (Brian & Langhorne, 2012) , the Devonian and Mississippian in the Western Canadian Sedimentary Basin (Boreen & Davies, 2004) , as well as the Jurassic host rocks along the boundary of the Atlantic Ocean . In November 2006, the American Association of Petroleum Geologists published the special volume "Structurally Controlled Hydrothermal Alteration of Carbonate Reservoirs," which aroused intense interest in the topic among Chinese scholars.
Researchers showed that hydrothermal fluids have played a significant part in the formation of Chinese carbonate reservoirs, especially the main gas/oil-bearing formations, such as the Cambrian and Ordovician in the Tarim Basin (Chen, Qing, & Yang, 2004; Chen & Tucker, 2006; Hu, Cai, Hu, Qian, & Xiang, 2009; Jiao et al., 2011; Jin et al., 2006; Wu, Wang, Zheng, Zhang, & Liu, 2007; H. R. Zheng, Liu, Wu, & Wang, 2009 ; H. R. Zhu, Jin, Hu, & Zhang, 2008) , the Upper Permian Changxing Formation and Lower Triassic Feixianguan Formation (S. J. Huang, Gong, Huang, & Tong, 2010;  R. C. Zheng, Hu, et al., 2007 ; R. C. Zheng et al., 2008) 
in the Sichuan
Basin, and the Ordovician Majiagou Formation in the Ordos Basin (Z. L. Huang, Bao, Ren, Bai, & Wu, 2011) .
Many researchers have found indications of hydrothermal fluids in
the Triassic Leikoupo Formation in the Sichuan Basin (Shen, Zhou, Xin, & Luo, 2008; G. M. Xu et al., 2013; Zhong et al., 2011) , but no systematic research has been conducted into them.
Here, based on mineralogical, petrographical, and geochemical analyses of vein-filling saddle dolomite and other hydrothermal mineral assemblages in the vein fillings, we suggest that the hydrothermal fluids in the fourth member of the Leikoupo Formation in the Yuanba area, northeast Sichuan were highly saline, hot brines, and study the evolution of these brines.
| GEOLOGICAL SETTING
The Yuanba area is located at the junction between the North Sichuan Depression and the low-lying zone in central Sichuan, occupying a portion of the northeast Sichuan Basin. It borders the Jiulongshan anticlinal zone to the northwest, the Tongnanba tectonic zone to the northeast, and the low-lying zone in central Sichuan to the south. This area can be divided into four secondary tectonic units based on structural features and the local fault system. From west to east, these units are the Jiulongshan anticlinal zone, the Cangxi-Bazhong low-lying zone, the Tongnanba anticlinal zone, and the Tongjiang synclinal zone (Qin & Zou, 2012) . This study focused on the youngest marine carbonate strata deposited in northeast Sichuan, the top of which has been dissolved by meteoric water.
| STRATIGRAPHY
During the deposition of the Middle Triassic Leikoupo Formation, the stable Upper Yangtze cratonic carbonate platform was the main depositional system in the study area. Due to the global sea-level fall associated with the initial stage of the Indosinian Orogeny (Ma et al., 2009) , the open inland sea covering the study area gradually developed into a confined inland sea, where a carbonate formation was deposited as a restricted evaporite facies. This formation, consisting mainly of limestone, dolomitic limestone, dolomite, gypsiferous dolomite, and gypsum, can be subdivided into four members based on lithofacies and rock types. The first member at the bottom of the Leikoupo Formation is composed of gypsiferous dolomite and gypsum. The second member is composed of gypsum, gypsiferous dolomite, and limestone. The third member comprises limestone and gypsiferous limestone. The uppermost fourth member is composed of limestone, gypsiferous dolomite, dolomite, and gypsum (Figure 3 ). Because the top of this formation has been heavily karstified throughout, the fifth member, also referred to as the Tianjingshan Formation (G. S. Xu et al., 2012) , is generally absent across the study area, resulting in an unconformity with the overlying Upper Triassic Xujiahe Formation.
| METHODS
In this study, fracture fillings and surrounding rocks in the fourth member of the Leikoupo Formation were sampled from cores cut in five well drillings (Figure 1 ). Thin sections of these samples were prepared for subsequent analyses. Alizarin Red S stain was used to distinguish between calcite and dolomite in the thin sections. Petrological and geochemical analyses were then carried out on the surrounding rocks and the structure fillings in order to examine their mineral composition and structure, cathodoluminescence (CL) characteristics, and carbon 5 | RESULTS
| Fracture characteristics
Because fractures are the main passages for hydrothermal fluid flow, their orientation and geometry have a direct effect on the process of 
| Homogenization temperatures of fluid inclusions
The fluid inclusions in the dolomite veins were tested for their homog- Machel, 2006) or as a result of the invasion of meteoric waters (e.g., Selleck & Koff, 2008) . However, petrographic analyses have demonstrated that these dolomites are characterized by large crystal size and curved or saddle-shaped crystal faces. According to Gregg and Sibley (1984) and Sibley and Gregg (1987) , the shape of dolomite crystals is controlled by growth kinetics, which are affected predominantly by temperature and salinity, and the lowest limit of the temperature for nonplanar dolomites formation is around 50-60°C. Hence, in this case, the texture of the dolomites rules out the possibility of the presence of meteoric waters, and the low δ O is relatively high in associated seawater, especially seawater that is concentrated by evaporation and high-salinity formation water. Figure 10 shows that a 1‰ change in the δ
| C/O isotopic composition
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O value of seawater is associated with a 2.9‰ change in its salinity. It is reasonable to infer from this that the solutions from which the saddle dolomite precipitated were concentrated seawater that underwent evaporation during deposition and thus their salinity was approximately 1.0−1.6 times that of normal seawater. It is widely accepted that the crystal structure of dolomite, especially the shape of crystal faces and crystal habit, is controlled by nucleation process and mechanism of crystal growth and is closely correlated with the temperature and level of supersaturation of the fluids in which dolomite precipitated (e.g., S. J. Huang et al., 2014; Human, Van, Jetten, & Odekerden, 1981; Lewis, 1975; D. Wang et al., 2010; Weeks & Gilmer, 1979) . The manner of crystal growth can determine whether faces of the dolomite crystals are curved or flat. At high levels of supersaturation and/or above a certain temperature, crystals usually grow on faces of other crystals randomly and tend to have curved faces. In two studies by Gregg and Sibley (1984) and Sibley and Gregg (1987) , the boundary between the formation temperatures of flat-face dolomite and curved-face dolomite, that is, the roughness threshold temperatures, were determined to be 50−60°C, above which curved crystal faces will develop. However, this does Figure 11 ). These findings lead to the conclusion that these veins formed before the uplift that lead to the karstification. A comparison between the burial and thermal history of the well Puguang-1 in northeast Sichuan adjacent to the Yuanba area (Wu & Peng, 2013) indicates that the temperatures of fluids from which the veins formed were at least 10°C higher than the highest temperature at the burial depth of the fourth member of the Leikoupo Formation (no higher than 100°C) before uplift. This is in agreement with the general definition of hydrothermal fluids (Machel, 2004; Machel & Lonnee, 2002; White, 1957) and considered the most direct evidence of hydrothermal fluids.
| Sr isotopic composition
This, combined with the finding that the fluids were rich in Cross-plots of fluid-inclusion homogenization temperature (T h ) against oxygen isotopic signature for saddle dolomite in fracture fillings from Jialingjiang Formation of Libixia section, Hechuan area. The oxygen isotopic signature was determined based on the formula devised by Horita (2014) , and the δ
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O values of Early Triassic seawater were cited from data by Veizer et al. (1999) . ( feldspar-containing clastic sediments and the basement rock (Qing & Mountjoy, 1992a , 1992b found that the interaction between the fluids and the products of surface karstification was not sufficient to cause such high 87 Sr. Therefore, it is highly possible that the fluids have interacted with ancient sialic basement deep underground. It was found that the homogenization temperatures of a considerable number of the fluid inclusions studied exceeded that which the normal geothermal gradient at corresponding depths could lead to. In view of this finding, together with the brightness of saddle dolomite under the CL microscope (Figure 6e ) and the occurrence of deep major faults in the study area, we infer that the hot brines could have mixed with the deeper (and hotter) fluids that passed through the siliciclastic basement along faults, adding to the temperature and the mineral content of the formation brines.
| Origin and evolution of hot brine
The δ 13 C values of the vein minerals, ranging from −6.25‰ to 2.03‰ and averaging at −1.80‰, are typical of marine faces. Therefore, it is reasonable to infer that the carbon in the vein minerals was sourced mainly from carbonate strata deposited under marine conditions. Nonetheless, some of the Sr isotope data, homogenization temperature data, as well as CL characteristics of dolomite signify the involvement of hydrothermal fluids from deep sources. As the overlying strata thickened, the rock temperature and pressure increased, and pore water, water of crystallization, and connate water in the rocks were discharged from the rocks. Meanwhile, the water transported dissolved salts and became the hot brine. Moreover, the brines constantly accumulated Sr generated by other diagenetic processes occurring in the strata and the resulting Sr-rich brines then mixed with deep water that moved upward along faults in the basement and became hotter. Sr in the hot brines could be relatively stable. However, driven by some geological agents, the Sr-rich hot brines tended to migrate and discharge into open faults, high points of geological structures, and tectonically induced fracture zones. During this process, when temperature and pressure suddenly changed or the brines mixed with other fluids or met more favourable host rocks, the dynamic equilibrium of the originally closed system under high-temperature and high-pressure conditions was disturbed and minerals then precipitated from the brines.
| CONCLUSIONS
Saddle dolomite, dolomite, calcite, celestite, fluorite, barite, quartz, and pyrite occur widely as single minerals or mineral assemblages filling 
